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============

Recent work has employed the CRISPR-Cas9 system^[@CR1],\ [@CR2]^ to create homing drives (HD) that increase the frequency of genetic constructs in a population even if they lower the fitness of individuals that carry them^[@CR3]^. The drive mechanism exploits homology directed repair (HDR) to replace a targeted, naturally occurring genomic sequence with an engineered construct^[@CR4],\ [@CR5]^. The HD construct codes for Cas9 (or any similar endonuclease, such as Cpf1^[@CR6]^) and one or more guide RNAs so that in HD heterozygotes, the combined presence of Cas9 and the guide RNA(s) converts germline cells into HD homozygotes. The engineered construct may also include a novel, expressed gene.

An HD can be used in two different ways: for population suppression ("suppression HD"), where the drive induces a major genetic load^[@CR7]^, or for population replacement ("replacement HD"), where the expressed gene in the drive construct induces an intended phenotypic alteration, such as blocked transmission of a pathogen^[@CR3]^. Despite their promise, HDs carry a number of potential risks, including unforeseen ecological consequences and unintended geographical spread^[@CR4],\ [@CR8]^. The severity of adverse effects of HD individuals and Cas9 remaining in the population could vary widely. For example, the magnitude of such adverse impacts would likely be affected by the likelihood of undesirable HD migration and by the likelihood of low-probability events such as horizontal gene flow. In some instances, actions to gradually reduce HD frequency may be viewed as sufficient, while in other cases, swift, complete elimination of HD and restoration of the wild-type would be preferred.

It is possible for an HD bearing a fitness cost to naturally go extinct due to evolution against it, such as the spread of drive-resistant alleles developed via non-homologous end joining (NHEJ)^[@CR7],\ [@CR9],\ [@CR10]^. This would likely prevent the HD from reaching fixation but not reduce HD frequencies quickly. HD constructs could also be engineered (i.e., no pre-existing resistant alleles in the population, and multiple guide RNAs to force simultaneous events of NHEJ for resistant alleles to arise) to minimize the likelihood of natural resistance^[@CR4],\ [@CR11]^. Thus, several countermeasures have been proposed to proactively slow the spread of an HD and/or remove it from a population. In the case of a suppression HD, one option would be to release individuals carrying a synthetic allele of the targeted gene that is resistant to the HD^[@CR7],\ [@CR11]^. However, in the case of a replacement HD designed to have minimal fitness cost, the synthetic resistant (SR) allele would have no substantial fitness advantage and so would be ineffective.

A second option that could be useful for stopping either suppression or replacement HDs involves synthetic CRISPR-Cas9 based "overwriting" or "reversal drives" (RD)^[@CR4],\ [@CR12]^. CATCHA (Cas9-triggered chain ablation) and ERACR (elements for reversing the autocatalytic chain reaction) have been proposed as RDs^[@CR13],\ [@CR14]^. The CATCHA and ERACR constructs contain guide RNAs but do not include the Cas9 gene, depending instead on Cas9 present from the HD. The guide RNAs produced by the RD target the HD construct in the same way that the HD targets the wild-type allele. A third option is using an "immunizing reversal drive" (IRD) that would target both HD and wild-type populations by including both the Cas9 gene and multiple guide RNAs that target the HD and wild-type sequences^[@CR4]^. IRDs are designed to replace both HD-bearing and wild-type individuals, with constructs that have active Cas9 and guide RNA production but no intended effect on the organism's phenotype.

The National Academies of Sciences, Engineering, and Medicine report^[@CR8]^ recommended the use of mathematical models in evaluating strategies for reducing potential harms of gene drives. An intuitively reasonable expectation, for example, is that RDs could be "employed to eliminate" an HD^[@CR13]^. Yet there has been no quantitative assessment to date of the predicted dynamics of reversal and immunizing drives. Here we present a simple, frequency-only population genetics model to elucidate the evolutionary dynamics of genetic strategies for countering HDs. We show that SR alleles and RDs are not guaranteed to eliminate an HD from a population due to the existence, in general, of a stable polymorphic equilibrium in which the countermeasure co-exists with the wild-type and HD. An IRD, on the other hand, is much more likely to eliminate an HD but is also expected to eliminate wildtype alleles and continue production of Cas9.

Methods {#Sec2}
=======

We build on previous deterministic models of HD allelic dynamics that employ non-overlapping generations (i.e., a discrete-time description) and random mating^[@CR9],\ [@CR11]^. We add alleles for SR, RD, and IRD as countermeasures. Alleles for natural resistance are also examined. We assume that Cas9 always produces a double-strand break in wild-type/HD, HD/RD, wild-type/IRD, and HD/IRD heterozygotes. We assume that resistant alleles arise naturally (and only) via NHEJ whenever HDR is unsuccessful, such that the homing rate is equivalent to the probability of HDR. Finally, we assume that fitness costs yield an excess of lethality relative to wild-type at some point prior to reproduction, and that Cas9 is produced only in the germline. Note that, due to drive activity, gamete genotype contribution may differ, but conversion occurs only after somatic mortality via fitness cost is assessed.

We let *q* ~*W*~, *q* ~*HD*~, *q* ~*C*~, and *q* ~*R*~ be the current generation frequencies of wild-type (*W*), HD, countermeasure (*C*), and naturally resistant (*R*) alleles in the population, respectively. The equations predicting the next generation frequencies (*q*′) are:$$\documentclass[12pt]{minimal}
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Parameters *e* ~*HD*~ and *e* ~*C*~ are the probabilities of successful copying (homing) for the homing drive and countermeasure, respectively. The countermeasure allele represents SR when *i* ~1~ = *i* ~2~ = 0 (no homing), an RD when *i* ~1~ = 1 and *i* ~2~ = 0 (homing only in HD/countermeasure heterozygotes), and an IRD when *i* ~1~ = *i* ~2~ = 1 (homing in both HD/countermeasure and wild-type/countermeasure individuals).

We assume wild-type fitness is 1, and define *s* to be the fitness cost of homozygotes. The degree of dominance, *h*, gives the fraction of the homozygote fitness cost imposed on a heterozygote with one wild-type allele. We denote fitness costs of HD/R, HD/C, and C/R heterozygotes as *s* ~*HD*/*R*~, *s* ~*HD*/*C*~, and *s* ~*C*/*R*~, respectively. We assume fitness costs are recessive, with heterozygotes bearing the lesser fitness cost of its alleles, unless noted otherwise. Note that the RD and IRD may recode for the gene interrupted by the HD or eliminate an expressed gene in the HD construct such that the countermeasure constructs do not carry the same fitness costs as the HD construct.

Data availability {#Sec3}
-----------------

Model code can be requested from authors.

Results {#Sec4}
=======

In Fig. [1](#Fig1){ref-type="fig"}, we show several examples of countermeasure dynamics that are indicative of behavior over a broad range of parameter values. In these examples, the countermeasures are deployed against a suppression HD, and we assume perfect homing. Figure [1a](#Fig1){ref-type="fig"} shows the rapid spread of the HD in the absence of countermeasures, where high HD fitness costs would result in population suppression or extinction. Figure [1b--g](#Fig1){ref-type="fig"}, compares impacts of release of an SR allele (Fig. [1b,c](#Fig1){ref-type="fig"}); release of an RD (Fig. [1d,e](#Fig1){ref-type="fig"}); and release of an IRD (Fig. [1f,g](#Fig1){ref-type="fig"}), with each initiated using a single release of either a 1:1 (Fig. [1b,d,f](#Fig1){ref-type="fig"}) or a 1:10 (Fig. [1c,e,g](#Fig1){ref-type="fig"}) ratio into populations at the end of the 8th generation after the HD release, when the HD frequency has exceeded 0.2. Regardless of release size, the systems with SR and RD releases reach stable, polymorphic equilibria in the long term, whereas the IRD eliminates the HD and reaches fixation. The SR (Fig. [1b,c](#Fig1){ref-type="fig"}) reaches high frequencies and slowly diminishes HD frequencies, though ongoing conversion of wild-type to HD is sufficient to maintain the HD in the population. The larger release of RD (Fig. [1d](#Fig1){ref-type="fig"}) immediately brings the system close to the equilibrium, causing HD frequencies to stay relatively constant. The smaller RD release (Fig. [1e](#Fig1){ref-type="fig"}) allows HD frequencies to initially increase, which may not be desirable. However, the subsequent buildup of RD then reduces HD to very low frequencies, in contrast to what was seen in Fig. [1d](#Fig1){ref-type="fig"}. In this trough of low HD frequency, stochastic loss of HD via drift may occur, with the HD loss probability increasing as population size decreases^[@CR15]^. The IRD does not coexist with other alleles because it maintains an advantage over each of the other alleles regardless of its frequency and quickly reaches fixation regardless of release size (Fig. [1f,g](#Fig1){ref-type="fig"}).Figure 1Dynamics of a suppression HD, alone (**a**) and with countermeasures (**b**--**g**), which include a synthetic resistant allele (**b**,**c**), reversal drive (**d**,**e**), and immunizing reversal drive (**f**,**g**). Fitness cost (*s*) is relative to and recessive to wild-type (HD, *s* ~*HD*~ = 1; SR, *s* ~*C*~ = 0.05; RD/IRD, *s* ~*C*~ = 0.2). We use an initial release of 0.1% HD, and assume recessive lethality of the HD allele and perfect homing (*e* ~*HD*~ = *e* ~*C*~ = 1). Dashed vertical lines indicate the time of countermeasure release. Large releases (1:1 ratio of countermeasure to pre-countermeasure-release population) are shown in the left column, and small releases (1:10 ratio) are shown in the right column. The split axes with gray bars indicate a change in time scale. (**a**) Absent countermeasures, the HD quickly approaches fixation (i.e., would cause population extinction). (**b**,**c**) Release of a SR allele allows a brief increase in HD frequency, followed by a decrease to a low but non-zero equilibrium. (**d**) A large RD release yields allelic frequencies after release that are near the stable equilibrium. (**e**) A small RD release yields allelic frequencies far from equilibrium, followed by a large transient oscillation, wherein HD frequencies approach zero. (**f**,**g**) Release of IRD results in elimination of HD and wild-type alleles, regardless of release size.

Moving to consider replacement HDs, Fig. [2](#Fig2){ref-type="fig"} shows a set of time series for an HD with lower fitness cost (*s* ~*HD*~), but with otherwise identical parameter values as shown in Fig. [1](#Fig1){ref-type="fig"}. The qualitative behavior in the replacement HD setting is similar to the behavior in the suppression HD setting, but the lower HD fitness cost slows dynamics. The difference is most notable for the RD with a small release of countermeasure, for which the system exhibits large, slowly damped oscillations that bring the target HD to low frequencies for many generations (Fig. [2e](#Fig2){ref-type="fig"}). Due to genetic drift, the likelihood of stochastic loss of an allele increases as the time spent with few copies of that allele in the population increases^[@CR15]^.Figure 2Dynamics of a replacement HD, alone (**a**) and with countermeasures (**b**--**g**), which include a synthetic resistant allele (**b**,**c**), reversal drive (**d**,**e**), and immunizing reversal drive (**f**,**g**). The fitness cost of the HD is *s* ~*HD*~ = 0.3. See Fig. [1](#Fig1){ref-type="fig"} for other details. The behavior is qualitatively similar to Fig. [1](#Fig1){ref-type="fig"}, but the oscillations of the SR and RD are less damped (**b**--**e**).

The polymorphic equilibrium and oscillatory dynamics exhibited by the SR and RD systems are due to each allele's frequency-dependent disadvantages relative to other alleles in a "rock-paper-scissors" type fashion. In this case, the disadvantages result from relative fitness costs and the effects of drive (for the RD), but similar dynamics have been recognized in many unrelated systems^[@CR16]--[@CR19]^. Damped oscillations about a polymorphic equilibrium mean that initial conditions far from the equilibrium result in large fluctuations, temporarily bringing HD frequencies near to zero. Initial conditions close to the equilibrium, on the other hand, do not result in large fluctuations in allelic frequencies, likely allowing the HD to persist (as visualized in a phase plot in Fig. [S1a](#MOESM1){ref-type="media"}). Initial conditions are not important for determining the fate of the IRD, however, as it does not have frequency-dependent disadvantages to the other alleles.

Relaxing assumptions about fitness but keeping the assumptions of perfect homing and recessive fitness costs in wild-type heterozygotes, we find that a variety of possible stable equilibria may exist for the systems beyond those shown in Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"} (Supplemental Note [1](#MOESM1){ref-type="media"} & Figs [S1](#MOESM1){ref-type="media"}--[S3](#MOESM1){ref-type="media"}). However, given no fitness cost for heterozygotes containing wild-type alleles, a stable, polymorphic equilibrium exists for the SR and RD countermeasures for most plausible combinations of HD, C, and HD/C fitness costs (e.g., when the HD/C heterozygote fitness cost is between the HD and C homozygote fitness costs). Numerically, we find complex eigenvalues of the Jacobian evaluated at the polymorphic equilibrium, which indicate oscillatory dynamics (see Supplemental Note [1](#MOESM1){ref-type="media"}). Additionally, assuming additive rather than recessive fitness costs in wild-type heterozygotes changes the regions of parameter space that result in each equilibrium for the SR and RD countermeasures but still results in uncertain removal of the HD for SR and RDs, and likely removal of the HD for IRDs (Figs [S4](#MOESM1){ref-type="media"} and [S5](#MOESM1){ref-type="media"}).

With a deterministic model, likelihood of stochastic extinction during transient oscillations cannot be measured directly, but the likelihood increases as the minimum frequency decreases. Figures [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"} show the minimum HD frequency achieved within the first 100 generations after countermeasure release for varying fitness costs and initial conditions, returning to the assumption of recessive fitness costs and that the cost to the HD/C heterozygote is the minimum of the HD and C fitness costs. In general, low countermeasure fitness costs yield the greatest reductions in HD frequencies, both for RD (Fig. [3](#Fig3){ref-type="fig"}) and for SR (Fig. [4](#Fig4){ref-type="fig"}) countermeasures, by lowering the HD frequency at the polymorphic equilibrium. When HD frequencies are low, an RD released in numbers close to that of the current population (1:1 ratio) causes the system to quickly approach the polymorphic equilibrium instead of exhibiting large transient oscillations that bring the HD frequency near to 0. A very large RD release that immediately limits HD/wild-type mating would likely cause stochastic HD elimination (bottom row) in a randomly mating population, but would require additional time and resources necessary to rear and release a sufficient number of RD individuals. Unlike the RD, SR cannot be effective when its fitness cost exceeds that of the HD (Fig. [4](#Fig4){ref-type="fig"}, top-left corner of each panel). As with the RD, SR releases in size equal to the pre-release population bring the system near to its polymorphic equilibrium, which would prevent the HD frequency from transiently reaching very small frequencies. However, because oscillations occur on a slower time-scale than with the RD (see Fig. [1b,e](#Fig1){ref-type="fig"}), the minimum is not always reached within 100 generations. For an IRD, HD frequencies in corresponding simulations always approach 0 (not shown).Figure 3Minimum HD allele frequency in the first 100 generations after RD release for various fitness costs, initial conditions, and release ratios. Light shades indicate higher likelihood of stochastic loss of HD, while dark shades highlight instances where removal of the HD is less likely. Axes show fitness costs of the HD (x-axis) and RD (y-axis). Initial conditions vary between panels: columns vary the HD pre-release frequency, and rows vary the RD release size, which is shown as a release ratio (e.g., "4 to 1" releases 4 RD alleles for every pre-release allele). We assume recessive fitness costs and perfect homing. The largest HD fitness cost (*s* ~*HD*~ = 1) corresponds to a suppression HD, whereas small HD fitness costs correspond to a replacement HD. Note that maximum HD frequency varies independently from minimum HD frequency; in small RD releases (top row of panels), the HD frequency can experience large increases before dropping to the low minimum levels show here. Overall, an RD release appears least likely to eliminate a target HD when RD fitness costs are large, and when the RD release yields post-release frequencies near the equilibrium. The higher minimum frequency for larger HD fitness costs in many panels is due to the smaller amplitudes of oscillations compared to systems with lower HD fitness costs, as seen Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}. Smaller oscillations result in the system tending directly toward the equilibrium. Figure 4Minimum HD allele frequency in the first 100 generations after SR release for various fitness costs, initial conditions, and release ratios. See Fig. [3](#Fig3){ref-type="fig"} for details. Similarly to the RD, the SR is least likely to eliminate a target HD when its fitness costs are large, and when the release yields post-release frequencies near the equilibrium, though equilibrium frequencies are not identical to RDs. In some of the simulations, the system is not yet at equilibrium, and the HD is still decreasing in frequency at 100 generations.

Finally, we further relax our assumptions to account for less than perfect homing with the creation of naturally resistant alleles (Fig. [5](#Fig5){ref-type="fig"}). The qualitative behavior found in the case of perfect homing remains, except that the IRD eventually falls out of the population since it has lower fitness than naturally resistant alleles. Given imperfect homing, HD frequencies would fall even in the absence of countermeasures. As with SR, though, the HD is sustained long-term due to a stable, polymorphic equilibrium (Fig. [5a](#Fig5){ref-type="fig"}).Figure 5Dynamics of an imperfect suppression HD, where the drive fails and produces naturally resistant alleles, alone (**a**) and with countermeasures (**b**--**g**), which include a synthetic resistant allele (**b**,**c**), reversal drive (**d**,**e**), and immunizing reversal drive (**f**,**g**). Homing is imperfect (*e* ~*H*~ = *e* ~*C*~ = 0.9), and unsuccessful homing results in natural resistance via NHEJ with fitness cost *s* ~*R*~ = 0.05. See Fig. [1](#Fig1){ref-type="fig"} for other details. The biggest change from accounting for imperfect homing is that the IRD falls out of the population in the long-term (**f**,**g**) because of low-fitness cost alleles resistant to cutting.

Discussion {#Sec5}
==========

A variety of genetic approaches have been proposed to counter unintended effects of an HD, but there has been limited theoretical evaluation of these approaches. Here we compare the dynamics of SR, RD, and IRD countermeasures upon release into a population prior to HD fixation and find that the long-term behavior of the system differs greatly between countermeasures. In particular, SR and RD countermeasures are not guaranteed to eliminate an HD from a population because these systems often exhibit a stable polymorphic equilibrium. Elimination of the HD via SR or RD becomes less likely with higher countermeasure fitness costs, as the equilibrium HD frequency is further from zero, and oscillations around the polymorphic equilibrium are less likely to cause stochastic loss of the HD. Due to the small magnitude of oscillations with release conditions close to equilibrium, the frequencies of the HD prior to release and the relative size of the countermeasure release are important factors in determining the likelihood of HD elimination. If either of these countermeasures were to fully eliminate the HD, the wild-type allele would ultimately recover to fixation as long its fitness is higher than the countermeasure.

An IRD that targets both HD and wild-type alleles, on the other hand, would theoretically ensure the rapid removal of the HD from the population, but would also result in the Cas9 gene and guide RNAs remaining in the population. Implications of leaving Cas9 in the population are unclear, such as the likelihood of off-target effects, and future research should seek to evaluate such effects. If any naturally resistant alleles develop, or with the release of an SR allele, the IRD would eventually fall out of the population, provided that the cost of the IRD is greater than the resistant allele. These qualitative differences between countermeasures must be considered when deciding whether they are suitable tools for mitigating adverse effects of an HD.

The model and subsequent analysis presented here yields critical insights into the qualitative behavior of, and differences between, genetic countermeasures. Nonetheless, future work could explore several additional aspects of HD-based countermeasures and provide quantitative risks associated with them. Models that track population size as well as allele frequency, and that incorporate demographic stochasticity, could be used to better assess options for eliminating suppression HDs. For suppression HDs, population size could drastically decrease, and the effects of genetic drift could predominate^[@CR20]^. Also deserving of increased attention are the effects of spatial heterogeneity. In particular, spatial isolation of small populations could limit an allele's spread, potentially impacting countermeasure success. Incorporating spatial heterogeneity could also be useful in assessing the impact of movement between the target population and nearby populations on the long-term fates of the relevant constructs. Important consequences of movement include the likelihood of HD spillover to nearby populations, and whether immigration of wild-type organisms could sustain a HD in a system where stochastic elimination is otherwise likely. Effects of spatial heterogeneity may be different for RDs and IRDs, so follow-up modeling studies will be needed. Finally, effects of assumptions about natural resistance to homing drives should be explored further. While some work has explored the development of natural resistance to HDs^[@CR7],\ [@CR10],\ [@CR21]--[@CR24]^, these findings should be updated as HD limitations are understood.

Many have proposed countermeasures as emergency tools to mitigate unintended negative effects that might arise after release of an HD. However, to date only limited theoretical analysis has addressed countermeasures' abilities to reverse HDs. Additionally, discussion about countermeasures has often been ambiguous regarding differences between types of countermeasures and expectations of countermeasure outcomes. Depending on the severity of unintended effects, countermeasures may have the goal of simply halting the spread of an HD, or possibly removing an HD from the population and returning the population to its original state. This work is motivated by a desire to more clearly specify differences between various countermeasure strategies, as well as to critically assess potential outcomes. Here we show that the RD does not eliminate the HD for certain release conditions and fitness parameters. The existence of a polymorphic equilibrium with oscillatory dynamics allows for the HD allele frequency to initially increase, to remain constant, or to decrease, depending on the reversal release size. In such cases, larger countermeasure fitness costs decrease the likelihood of long-term eradication of the HD allele. IRDs are expected to effectively eliminate the HD in a timely manner but leave Cas9 present in the population, though any resistant alleles would cause the IRD to eventually fall out of the population. RDs leave only guide RNAs if they successfully eliminate the HD, but given any fitness cost to the RD, the wild-type would be expected to return. Overall, these results show that no single countermeasure, as currently proposed, should be considered a "silver bullet" for mitigating unintended effects of HDs. As such, we recommend careful examination of risks associated with each of the countermeasures' limitations prior to release.
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